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Lambda-cyhalothrin is a pyrethroid insecticide widely used to control pests in various crop ecosystems,
in which the lady beetle occurs naturally. Therefore, lady beetle populations are exposed to lambda-
cyhalothrin sprays that may foster tolerance to this insecticide. This study was conducted to conﬁrm
the occurrence of resistance in the lady beetle Eriopis connexa (Germar) (Coleoptera: Coccinellidae) to
lambda-cyhalothrin and to characterize the inheritance of resistance after eight progressive selection
with insecticide dosages based on the LD50 determined for the F1 generation. Dose–mortality curves were
determined for parental populations, F1 hybrids and backcross progenies. Parameters regarding the her-
itability of resistance to lambda-cyhalothrin in E. connexa allow estimating 10-fold increase in the initial
LD50 after 54.5 generations of successive selections. The resistance of E. connexa to lambda-cyhalothrin
was characterized as autosomally inherited and incompletely dominant, and inﬂuenced by a major gene
with possible inﬂuence of secondary genes. Additionally, the resistance in E. connexa varies from func-
tionally dominant to functionally recessive depending on the dose used. These ﬁndings indicate that
insecticide resistance in E. connexa can be selected in the ﬁeld as determined for ﬁeld-collected individ-
uals, and subsequently enhanced under laboratory conditions. Its characterization presented here is an
important step toward linking biological and chemical control within pest management regarding the
lady beetle and lambda-cyhalothrin targeting different pest groups.
 2012 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction 600 species of insects and mites have been reported showing resis-Arthropod resistance to pesticides is a signiﬁcant concern
among applied entomologists. It proceeds from the fact that overer OA license.tance to one or more than one pesticide active ingredient (Whalon
et al., 2012). On the other hand, very few cases of natural enemies
exhibiting resistance to pesticides have been recorded. It is esti-
mated that fewer than 10% of the species that have exhibited pes-
ticide resistance under ﬁeld or laboratory conditions are natural
enemies, and among them there is a predominance of predatory
mite species (Croft 1990; Whalon et al., 2012).
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to herbivore species has been addressed by various hypotheses,
including lack of documentation, differential pre-adaptation of
herbivorous pests and natural enemies and food limitations (Croft
and Morse, 1979). According to Tabashnik and Johnson (1999), the
presence of surviving populations of natural enemies in crop ﬁelds
is not nearly as apparent relative to herbivore species after spray-
ing failures and, therefore, the number of natural enemy species
selected for resistance might be underestimated. The pre-adapta-
tion hypothesis suggests that biochemical detoxifying mechanisms
present in herbivores may predispose them for resistance relative
to natural enemies (Croft and Morse, 1979). This enhanced bio-
chemical capacity has likely evolved in herbivores to deal with
plant secondary compounds that confer defense against herbivory
(Plapp and Bull, 1978). The food source limitation hypothesis refers
to the reduced host/prey availability for natural enemies after
spraying crops (Georghiou, 1972). Resistant individuals in the pop-
ulation may survive in the sprayed crop, but the loss of food re-
sources will contribute to either death by starvation or departure
of the resistant natural enemies from the sprayed crop. In either
case, the probability of discovering resistant individuals would be
low.
Despite the differences in biology and ecology between natural
enemies and herbivores, the former may develop resistance to pes-
ticides through the selection pressure from pesticide applications
(Theiling and Croft, 1988). Resistance in predatory phytoseiid
mites has been recorded from ﬁeld populations or selected under
laboratory conditions, serving as a model among natural enemies
for pesticide resistance development (Hoy, 1990; Poletti and
Omoto, 2003). Furthermore, Pakistani populations of the green
lacewing Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae)
have shown resistance to organophosphate and pyrethroid insecti-
cides (Pathan et al., 2008), and characterization of the cross resis-
tance, resistance mechanisms, adaptive costs for resistance, and
predatory performance has been undertaken (Sayyed et al., 2010;
Pathan et al., 2010).
Eriopis connexa (Germar) (Coleoptera: Coccinellidae) is a key
neotropical predator species of soft-bodied arthropods and it is
naturally found on row and fruit crops (Gyenge et al., 1998). Larvae
of E. connexa can consume over 100 aphids or mites per day
depending on prey size and over 2000 prey items during the adult
stage (Gyenge et al., 1998; Oliveira et al., 2004; Venzon et al.,
2009), and adults can exhibit a functional response of type III or
II when preying upon aphids or mites, respectively (Sarmento
et al., 2007). Further, due the potential as predator of aphids it
was introduced into US aiming control of the Russian wheat aphid
(Reed and Pike, 1991). Thus, this lady beetle species has been
looked as a conservation and classical biological control agent.
Knowledge of lady beetle response to insecticides has been lim-
ited to toxicity assays and effects of recommended ﬁeld rates or
sublethal doses. However, signiﬁcant variability in toxicity of pyre-
throid insecticides to lady beetles has been reported (Tillman and
Mulrooney, 2000; Gusmão et al., 2000; Michaud, 2002; Torres
and Ruberson, 2005; Ruberson et al., 2007; Cosme et al., 2007;
Leite et al., 2010; Rodrigues, 2012). Studies of lady beetle resis-
tance to insecticides have been limited to a few species. Coleomeg-
illa maculata (De Geer) (Coleoptera: Coccinellidae) in cotton ﬁelds
was found to be resistant to DDT, methyl parathion, and monocro-
tophos (Head et al., 1977; Graves et al., 1978). Further, Croft (1990)
reviewing cases of arthropod natural enemy resistance to pesti-
cides, noted that Stethorus punctum (LeConte) and Stethorus punct-
illum (Weise) (Coleoptera: Coccinellidae) from apple orchards were
resistant to azinphosmethyl. However, the original studies refer
only to pyrethroid selectivity in the ﬁeld in favoring S. punctum
(Hull and Starner, 1983), and of maintenance of S. punctillum pop-
ulation in apple orchards sprayed with the insecticides phosalone,pirimicarb, and diﬂubenzuron (Pasqualini and Malavolta, 1985).
Lately, Kumral et al. (2011) reported that Stethorus gilvifrons
(Muls.) (Coleoptera: Coccinellidae) populations from apple orch-
ards in Turkey are resistant to bifenthrin. These few data illustrate
how limited the information is regarding this important group of
natural enemies with regard to insecticide resistance under ﬁeld
and laboratory conditions.
The pyrethroids were developed in the 70’s and rapidly spread
in use due to their efﬁcacy against several important pests, low
rates required, and low toxicity to warm blooded organisms com-
pared to organophosphate- and chlorinated-insecticides (Elliott
and Janes, 1978). On the other hand, non-target studies reported
large adverse effects of pyrethroid insecticides on natural enemies,
such as predatory mites, chrysopids, and hymenopteran parasit-
oids (Croft, 1990; Tillman and Mulrooney 2000). The pyrethroid
lambda-cyhalothrin has been widely applied against defoliating in-
sects, but has a strong lethal impact on natural enemies (Ruberson
and Tillman, 1999; Cosme et al., 2007; Leite et al., 2010). In Brazil,
lambda-cyhalothrin sprays are recommended for several crops
where the lady beetle E. connexa naturally occurs (BRASIL, 2012).
Recently, E. connexa collected from cabbage ﬁelds exhibited toler-
ance to lambda-cyhalothrin at a dose 7.5 times the highest recom-
mended ﬁeld rate using the commercial product Karate Zeon
(Rodrigues, 2012). After detecting this type of variability in the nat-
ural enemy’s response to insecticides, it is very important to
understand the evolution and genetic underpinnings of insecticide
resistance, to allow enhancement or at least maintenance of the
resistance level of natural enemies in the ﬁeld. This may permit
more effective integration of chemical and biological control by
preserving the natural enemies in the ﬁeld when broad-spectrum
insecticide is applied (Torres, 2012). Thus, this study was con-
ducted to verify pyrethroid resistance in the population of E. con-
nexa and to determine whether any observed resistance might be
enhanced by selection in the laboratory. Furthermore, after eight
selection generations under laboratory conditions, bioassays were
carried out to investigate the mode of resistance inheritance in the
species.2. Material and methods
Studies were carried out in the Biological Control Laboratory of
the Universidade Federal Rural de Pernambuco (UFRPE) and lady
beetle colonies were maintained at 25 ± 1 C and photoperiod of
12:12 h (L:D). Eggs of Anagasta (=Ephestia) kuehniella (Zeller) (Lep-
idoptera: Pyralidae) were provided as factitious prey to larvae and
adults of E. connexa. The rearing procedures of A. kuehniella were
adapted from Torres et al. (1995). Lady beetle adults were also gi-
ven a paste of honey and yeast (50%:50%) as a complementary
food.
2.1. Insecticide
Lambda-cyhalothrin (Karate Zeon 50 CS; lambda-cyhalothrin
5% m/v–50 g/L, Syngenta S.A., São Paulo) was used in the bioassay
of selection for resistance, and late the lambda-cyhalothrin at tech-
nical grade (99.5%; Chem Service, West Chester, PA, USA) was used
in the bioassays to determine the inheritance of resistance.
2.2. Dose-mortality curves
The doses (lg active ingredient/insect) used in the bioassay
were previously determined and prepared by diluting the
commercial product Karate Zeon 50 CS in distilled water, and
the lambda-cyhalothrin at technical grade in acetone. The herita-
bility parameters were calculated based on the LD50 obtained for
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1.0, 1.25, and 1.5 lg of a.i./insect) and that obtained for F12 gener-
ation (0.8, 0.95, 1.1, 1.25, and 1.4 lg of a.i./insect) using commer-
cial formulation of lambda-cyhalothrin. The inheritance of
resistance was assessed with resistant (Ec-Vi) and susceptible
(Ec-FM) populations through dose-mortality curves results from
bioassay with seven doses of the lambda-cyhalothrin at technical
grade tested for each population (0.005, 0.025, 0.0375, 0.05,
0.125, 0.25, and 0.375 lg of a.i./insect for Ec-Vi; and 0.0005,
0.00125, 0.0025, 0.00375, 0.005, 0.0125, and 0.025 lg of a.i./insect
for Ec-FM). The LD50s were determined for both populations
through topical application of 0.5 lL of insecticide dilution on
the abdominal venter using a 25-lL Hamilton™ syringe. Only
water or acetone was applied to the control group. A total of ﬁve
to eight doses with 10–20 insects per replication were tested that
produced a response between 0% and 100% mortality. As recom-
mended to set a dose-mortality curve, the bioassay was repeated
twice for each tested dose to compose the ﬁnal true data to run
the analysis. After the treatment, the insects were placed in Petri
dishes (12 cm diameter, 1.5 cm tall) lined with ﬁlter paper and
fed with A. kuehniella eggs and cotton pad moisten with honey-
water solution (10% honey). Mortality was assessed 24 h after
adult treatment. The criterion for mortality was an individual’s
inability to turn upright and begin to walk, after being placed on
its dorsum.
2.3. Resistant and susceptible populations of E. connexa
Two populations of E. connexa were established from ﬁeld col-
lections. The ﬁrst population (Ec-FM) was collected from organic
cotton ﬁelds located in Frei Miguelinho County, Pernambuco State
(coordinates: 07 550 90,10 0 S e 35 510 45.60 0 W) in July 2009. An-
other studied population (Ec-Vi) was collected in conventional cab-
bage ﬁelds located in Viçosa County, Minas Gerais State
(coordinates 20 750 7300 S and 42 860 9600 W) in December 2008.
Based on the LD50s, the Ec-FM population was regarded as suscep-
tible, and the Ec-Vi as resistant (Rodrigues, 2012). The susceptible
population was kept in the laboratory without insecticide pressure,
however subsequent selections was carried using the resistant
population in each generation before the inheritance experiments.
2.4. Rearing of susceptible and resistant E. connexa populations
The two populations of E. connexa: resistant (Ec-Vi) and suscep-
tible (Ec-FM) were reared separately. Adults of each population
were reared using 1-L plastic containers, in which the lid had an
opening covered with organdie to allow ventilation inside the con-
tainer. Pieces of paper towels were offered as oviposition substrata
and to increase surface area inside the containers to avoid any pos-
sible egg predation since lady beetles could cannibalize. Egg
masses were collected daily and transferred to 500-mL containers.
Later, 2-d-old larvae were reared to adult emergence using 80-mL
transparent plastic cups with three larvae per cup. The larvae were
fed with A. kuehniella eggs ad libitum until pupation. Pieces of wrin-
kled paper towel 4 cm2 were placed inside the cups to reduce
cannibalism and as pupation substrata, although pupation could
occur on different parts of the cup.
2.5. Selection of E. connexa population with lambda-cyhalothrin
This experiment was conducted with ﬁeld collected population
Ec-Vi. The selection procedure began using the LD50 calculated for
the F1 generation in the laboratory (0.74 lg a.i. of lambda-cyhal-
othrin/insect) (Rodrigues, 2012). Four generations, from F2 to F5,
were subjected to selection pressure using the LD50 calculated on
F1 generation. A new LD50 was calculated for the F6 generation,and the LD50 calculated was used to select the adults from gener-
ations F6 to F11. A new LD50 was calculated again in generation
F12. Based on the LD50s, the slope of the curves calculated for F1
and F12 generations, and observed mortalities in each generation
of the Ec-Vi selected population, the realized heritability (h2) and
the number of generations (G) needed to increase the level of resis-
tance 10-fold was calculated according to the method of Falconer
(1989).
2.6. Genetics of resistance to lambda-cyhalothrin in E. connexa
To determine the inheritance of resistance were used lady
beetle adults from the susceptible ‘‘S’’ (Ec-FM) and resistant ‘‘R’’
(Ec-Vi) populations of the F4 and F10 generations, respectively.
Reciprocal crosses between virgin males (n = 30) and females
(n = 30) from the susceptible (S) and resistant (R) populations were
conducted to obtain the F1 SR (# S  $ R) and RS (# R  $ S). Free
mating choices were allowed by placing all females and males of
the appropriate genetic background in Plexiglas™ cages (40 cm
wide  40 cm tall  50 cm long). Each F1 progeny (SR and RS)
was reared separately to obtain sufﬁcient individuals to calculate
the LD50.
Monogenic versus polygenic modes of inheritance were investi-
gated using virgin males (n = 30) and females (n = 30) from the
pooled F1 progeny (no differences in the dose response curves
were observed between the two reciprocal crosses; see Section 3)
backcrossed with virgin males (n = 30) and females (n = 30) of
parental susceptible population (Ec-FM). This approach was based
on the result that the susceptible population exhibited the most
distinctive phenotype compared to F1 progenies. According to
Tabashnik (1991), this procedure increases the power of the back-
cross in characterizing the inheritance mode of resistance. Thus,
adults from the pooled F1 generation and from the susceptible
population were allowed free mating choice in Plexiglas™ cages
(40 cm wide  40 cm tall  50 cm long). The population obtained
from this backcross was reared separately to determine the LD50
for backcross and thereby to perform a direct test of monogenic
inheritance utilizing the backcross and 8 lambda-cyhalothrin
doses.
2.7. Dominance based on a single dose of lambda-cyhalothrin
In this bioassay we used 8- to 10-d old adults of the Ec-Vi pop-
ulation (n = 25), Ec-FM (n = 25), and the pooled F1 (n = 51–55), per
dose of lambda-cyhalothrin tested. Four previous determined
doses at technical grade 0.005, 0.025, 0.05, and 0.25 lg a.i. of lamb-
da-cyhalothrin/insect were topically applied on adults of the dif-
ferent population groups according to the previous bioassays.
Treatment of insects and insect rearing after application followed
the same procedures as those used in the dose-mortality response
bioassays. The control group was treated only with acetone. Insect
mortality was assessed 24 h after insecticide application, following
the same criteria previously explained.
2.8. Data analyses
The numbers of individuals dead or alive per dose in the selec-
tion and in the resistance inheritance bioassays were recorded and
used to calculate the lethal dose (LD50) for each population or prog-
eny using the computer program Polo PC (LeOra Software, 1987),
based on Probit analysis (Finney, 1971). The data did not require
correction for natural mortality in the control since survival was
100%. A v2 goodness-of-ﬁt test was used to test for parallelism
and equality of the dose-mortality curves between populations.
The resistance ratio (RR50) and the respective conﬁdence intervals
(CI95%) among populations/progenies were calculated after
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when the CI95% did not include the value 1.0.
The hypotheses of autosomal or sex-linked inheritance of pyre-
throid resistance in E. connexa to lambda-cyhalothrin were tested
through dose-mortality curves determined from adults from F1
progenies (SR and RS). The degree of dominance (D) was calculated
for F1 progenies (SR, RS, and F1 pooled) using the method de-
scribed by Stone (1968), which is based on the LD values:
D ¼ ½ð2h3  h2  h1Þ=ðh2  h1Þ; where D stands for mean degree of
dominance; h1, h2 and h3 are the logarithms of the LD for the resis-
tant population, F1 progenies, and susceptible population, respec-
tively. A result of D = 1 indicates complete dominance; 0 < D < 1
indicates incomplete dominance; 1 < D < 0 indicates incomplete
recessive resistance; and D = 1 indicates complete recessive resis-
tance. The standard error (SE) of the degree of dominance was cal-
culated following the method of Lehmann (1966), and interpreted
after Preisler et al. (1990).
Monogenic or polygenic inheritance was estimated by compar-
ing the slope presented by the dose response curves and variances
for the susceptible population (Ec-FM), F1 pooled progeny and
backcross. The direct test of monogenic inheritance was based on
the observed and expected mortalities from the backcross to each
single dose as described by Tabashnik (1991): Yx = 0.5 (WF1 + WSS);
where WF1 stands for observed mortality for F1 pooled progeny,
and WSS is the mortality of the parental susceptible population
Ec-FM at each tested dose. To compare observed and expected
mortalities in the backcross, a v2-test was used as described by So-
kal and Rohlf (1981): v2 ¼ ðF1  pnÞ=pqn; where F1 represents the
number of individuals dead in the progeny backcrossed; p is the
expected mortality; n is the total number of tested individuals
from backcrossed progeny; and q = 1p. The outcome allowed
testing the hypothesis that resistance inheritance is monogenic,
based on the calculated v2-value with 1 degree of freedom.
The minimum number of genes (nE) inﬂuencing resistance was
investigated using Lande’s method (1981). The method considers
that: nE ¼ ðh2  h1Þ2=8r2s , where h1 and h2 are the logarithms of
the LD50 for the resistant and susceptible populations, respectively;
while the rs2 is estimated as r2s ¼ 2r2rc  2r2F1  0:5r21 þ 0:5r22,
where rrc2, rF12, r12 and r22 are the variances estimated from
progenies backcrossed, F1 pooled progeny, and from susceptible
and resistant populations, respectively.
The dominance (h) was estimated based on a single dose follow-
ing Hartl (1992): h ¼ ðW12 W22Þ=ðW11 W22Þ; where w11, w12,
and w22 stand for ﬁtness values determined for resistant homozy-
gotes, heterozygotes, and susceptible homozygotes, respectively.
The ﬁtness value of resistant homozygotes is considered 1.0; while
the ﬁtness values of heterozygotes and susceptible homozygotes
were calculated as the ratio between the observed survival rate
of progeny F1 pooled or of susceptible population (Ec-FM) divided
by the survival observed of resistant population (Ec-Vi). The dom-
inance values (h) vary between 0 (completely recessive resistance)
and 1.0 (completely dominant resistance). When h-values are
equal to 0.5, the resistance is considered codominant or additive;
while values ﬁt to 0 < h < 0.5 (partially recessive resistance) and
0.5 < h < 1.0 (partially dominant resistance).3. Results
3.1. Selection of E. connexa population with lambda-cyhalothrin
The mortality data from selection bioassays determined for
adults of the F1 and F12 generations ﬁt the Probit model
(P > 0.05). The resistance ratio from the F1 to the F12 generations
was signiﬁcantly increased by generational selection with insecti-
cide [RR50: 1.53 (1.26–1.84)]. Furthermore, the slopes of the dose-mortality curves calculated for the F1 and F12 generations were
signiﬁcantly different [test for parallelism (v21 = 6.099, P < 0.05,
df = 1)] (Table 1). The realized heritability (h2) between studied
generations (F1–F12) was 0.03 according to the method of Falconer
(1989). Based on this heritability factor, it would require about
54.5 generations of E. connexa, under the selection procedure
adopted, to increase the LD50 10-fold over the initial resistance le-
vel (Table 1).
3.2. Genetics of resistance to lambda-cyhalothrin in E. connexa
Bioassays investigating the inheritance of lambda-cyhalothrin
resistance resulted in dose-mortality curves with slopes ranging
from 2.08 to 3.71, suggesting relative homogeneity within popula-
tions based on the mortality caused by lambda-cyhalothrin (Ta-
ble 2). On the other hand, these slopes were not parallel
(parallelism test; P < 0.05). Therefore, the LD50s and LD90s were cal-
culated for parental and progeny populations of E. connexa. The
LD50s calculated using the insecticide at technical grade were
0.005 and 0.108 lg a.i. of lambda-cyhalothrin/insect for suscepti-
ble Ec-FM and resistant Ec-Vi populations, respectively, yielding
a resistance ratio of 21.87-fold between these two populations
(Table 2).
The LD50s calculated for progenies from reciprocal crosses
#S  $R and $S  #R were 0.057 and 0.084 lg a.i. of lambda-
cyhalothrin/insect, respectively (Table 2). These LD50s are not
signiﬁcantly different resulting in resistance ratio estimation
including the value 1 [RR50(CI95%): 1.00 (0.72–1.39)]. This result
indicates that the response of these two crosses to lambda-
cyhalothrin is similar; hence, the resistance to lambda-cyhalothrin
is autosomally inherited. Furthermore, because the mortality of the
two crosses did not differ, data for these two progenies were
pooled, yielding a new F1 pooled-progeny LD50 of 0.069 lg a.i. of
lambda-cyhalothrin/insect (Table 2). The RR calculated for F1 prog-
enies #S  $R, #R  $S, and F1 pooled, resulted in signiﬁcant resis-
tance ratios of 12.0, 17.0, and 14.3 folds, respectively, although
numerically smaller than the value determined between the
parental populations Ec-Vi and Ec-FM (RR = 21.87-fold, Table 2).
The degree of dominance (D) in E. connexa based on LD50s calcu-
lated for #S  $R, #R  $S, and F1 pooled progenies were 0.61,
0.84, and 0.72, respectively (Table 2), indicating that the resistance
is incompletely dominant according to Lehmann’s formula
(Lehmann 1966). This is also supported by the LD50 calculated
for the F1.
The slopes of the dose-mortality curves calculated for backcross
progeny, the susceptible parent population, and the F1 progeny did
not differ (P > 0.05). This result indicates little change in genetic
variability in the backcrossed progeny. Furthermore, the deviations
between the differences of observed and expected mortalities were
similar in seven out of eight tested doses (Table 3 and Fig. 1). Re-
sults show difference only when the dose 0.00375 lg a.i./insect
was used, causing 4.3% observed mortality in comparison to
22.9% expected mortality (Table 3). The mean differences between
observed and expected mortalities across all eight tested doses was
7.7% (v2 = 10.77; P = 0.092) (Table 3). Based on these results and
following the method described by Lande (1981), the estimated
minimum number of genes inﬂuencing lambda-cyhalothrin resis-
tance in E. connexa is approximately 3.
3.3. Dominance based on a single dose of lambda-cyhalothrin
The dominance (h) of resistance in E. connexa is dose dependent
(Table 4). The dominance calculated for individuals treated with
the lower tested dose was functionally dominant (h = 1); whereas
for those treated with the largest lambda-cyhalothrin dose, resis-
tance was considered functionally recessive (h = 0.07).
Table 1
Realized heritability (h2) of resistance to lambda-cyhalothrin in Eriopis connexa and estimated number of
generations (G) required to increase resistance 10-fold based on the initial LD50.
Parameters Generations F1–
F12
Estimates of mean response Log10 (LD50 initial) 0.1323
Log10 (LD50 ﬁnal) 0.0567
Response to selection (R) 0.018
Estimate of mean selection
diferential
Percentage survival after selection 57.8
Intensity of the selections (I)a 2.91
Slope initial ± SE 2.35 ± 0.35
Slope ﬁnal ± SE 5.98 ± 1.45
Standard deveiation of the phenotype
(r)
0.24
Differential selection (S) 0.70
h2 0.03
G 54.51
a Following method of Falconer (1989).
Table 2
Toxicity of lambda-cyhalothrin to susceptible (S), resistant (R), and reciprocal crosses F1 (# S  $ R) and (# R  $ S), and backcross (F1 pooled  S) of Eriopis connexa.
Populations/
Progenies
na Dfb Slope ± SE LD50 (CI95%)c RR50 (CI95%)d D50 ± SEe LD90 (CI95%)c RR90 (CI95%)d LD90 ± SEe v2
Ec-FM (S) 209 5 2.08 ± 0.28 0.005 (0.004–0.006) – – 0.014 (0.010–0.023) – – 2.16
Ec-Vi (R) 194 5 3.71 ± 0.45 0.108 (0.079–0.148) 21.87 (15.94–30.01) – 0.322 (0.225–0.529) 11.74 (6.75–20.45) – 3.57
# S  $ R 160 3 2.94 ± 0.47 0.057 (0.045–0.072) 12.01 (8.54–16.87) 0.61 ± 0.09 0.174 (0.133–0.244) 7.95 (4.39–14.40) 1.11 ± 0.17 0.42
# R  $ S 156 3 2.50 ± 0.36 0.084 (0.067–0.104) 17.03 (12.01–24.14) 0.84 ± 0.09 0.253 (0.195–0.359) 13.47 (7.29–24.90) 0.68 ± 0.19 0.53
F1 pooled 316 3 2.59 ± 0.27 0.069 (0.058–0.082) 14.26 (10.50–19.38) 0.72 ± 0.08 0.217 (0.174–0.295) 10.80 (6.23–18.70) 0.93 ± 0.15 0.30
F1 pooled  S 201 6 2.10 ± 0.25 0.019 (0.014–0.026) 3.94 (2.63–5.89) – 0.78 (0.053–0.138) 3.88 (1.98–7.63) – 4.22
a Number of tested insect including the control treatment.
b Degree of freedom.
c lg/insect topically applied.
d Resistance ratio means the relationship between LD50 or LD90 for resistant and susceptible populations calculated after Robertson and Preisler (1992) and respective 95%
conﬁdence intervals (CI).
e Degree of dominance and standard error.
Table 3
Direct test of monogenic inheritance of resistance to lambda-cyhalothrin in Eriopis
connexa by comparing observed and expected mortalities of the backcross (F1 pooled
x S).
Doses
(lg/insect)
Observed
mortality (%)
Expected
mortality (%)a
v2
0.0005 0.0 0.0 –
0.0025 4.5 10.0 0.73ns
0.00375 4.3 22.9 4.44⁄
0.005 18.2 26.0 0.69ns
0.025 47.8 53.7 0.32ns
0.05 78.3 68.2 1.08ns
0.125 100.0 88.2 3.08ns
0.25 100.0 98.2 0.43ns
Total – – 10.7ns
nsNot signiﬁcantly different and ⁄signiﬁcantly different at P = 0.05.
a Mortality expected at dose x = 0.5 (% mortality of F1 pooled progeny at x + %
mortality of susceptible population at x).
Fig. 1. Dose mortality curves calculated for resistant (Ec-Vi), susceptible (Ec-FM),
and F1 progenies (#R  $S, and #S  $R) of Eriopis connexa, and observed and
expected mortalities in the backcrossed population (F1 pooled  S) when treated
with lambda-cyhalothrin.
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Data addressing resistance detection, mechanisms involved in
the resistance and inheritance of resistance to pesticides in natural
enemies are scarce and nearly nonexistent for lady beetles. The
lack of information precludes generalizations on the resistance
exhibited by the studied species or for this group of insects. There-
fore, the results presented here will be a basis for further studies on
lady beetles, a group of natural enemies widely used in biological
control programs, regarding resistance to pyrethroid insecticides.
The number of generations estimated to obtain 10-fold increase
over the initial resistance detected in E. connexa was relatively
high. However, a signiﬁcant increase of 1.53 times (34.6%) in the
LD50, and in the slopes of the dose-mortality curves was obtainedfrom the F1 to the F12 generations. The increase observed in the
slopes indicates a reduction in genetic variability in the population
(Tabashnik, 1991). This could also inﬂuence the estimate of gener-
ations needed for 10-fold resistance increase, slowing develop-
ment of resistance in E. connexa across the selected generations.
Another possible reason for the numerous generations required
in our estimation may be the small number of treated individuals
in each generation (between 100 and 200 adults), compared to
studies with arthropod pests that are usually treated and assayed
in much larger numbers each generation (e.g., He et al., 2009;
Li and Liu, 2010). Here, however, we have to point out that
Table 4
Dominance based on a single dose for parental populations and F1 progeny of Eriopis
connexa susceptible (S) and resistant (R) survivors when subjected to treatment with
different doses of lambda-cyhalothrin.
Dose
(lg/insect)
Population/Progenya n Mortality (%) Fitnessb hc
0.005 Ec-FM (S) 25 52.0 0.48 1
Ec-Vi (R) 26 0 1
F1 pooled 51 0 1
0.025 Ec-FM 25 92.0 0.08 0.83
Ec-Vi 26 0 1
F1 pooled 52 15.4 0.85
0.05 Ec-FM 25 100 0 0.64
Ec-Vi 26 15.4 1
F1 pooled 55 36.4 0.64
0.25 Ec-FM 25 100 0 0.07
Ec-Vi 26 96.1 1
F1 pooled 53 92.4 0.07
a Ec-FM and Ec-Vi are the susceptible and resistant populations, respectively;
while F1 pooled stands for pooled population from reciprocal crosses (# S  $ R and
# R  $ S).
b Fitness (see dominance based on a single dose bioassay in methodology for
explanation).
c h can vary from 0 to 1 (0 indicates completely recessive resistance; and 1
indicates completely dominant resistance).
222 A.R.S. Rodrigues et al. / Biological Control 64 (2013) 217–224maintenance of lady beetle populations in the laboratory requires
use of natural prey, considerable space and other facilities com-
pared to species that can be reared on artiﬁcial diets or easily
accessible food, and/or in large groups per rearing container with-
out compromising the growth index, as is the case for many pest
species. It is also important to mention that the number of lady
beetles treated per generation in our study was equivalent to that
used by Sayyed et al. (2010) when studying the inheritance of del-
tamethrin resistance in C. carnea.
The lambda-cyhalothrin resistance ratio (RR) determined for E.
connexa and its increase over 10 selected generations is relatively
low when compared to the ratios recorded to pest species (Croft
and Morse, 1979). However, the RRs determined for ﬁeld-collected,
lab-selected and a standard susceptible population showed that
resistance in E. connexa might be sufﬁcient to promote survival
of resistant individuals exposed to the recommended ﬁeld rate of
lambda-cyhalothrin. For instance, the LD50 (lg/insect) calculated
for ﬁeld-collected Ec-Vi and selected E. connexa populations (0.73
and 1.14 lg a.i./insect, respectively) are 7.5 and 10.5 times greater
than recommended ﬁeld rate of lambda-cyhalothrin applied to cot-
ton ﬁelds (20 g a.i./ha using 100 L water/ha; 0.2 g a.i/L). Further,
recommended ﬁeld rates of insecticides are expected to control
over 90% of the target pest population (LD90), irrespective of popu-
lation density (Knipling, 1979), while it compares favorably with
the LD50 of E. connexa. Thus, the differential susceptibility between
the natural enemy and the target pest to the insecticide need not
be numerically large, but large enough to guarantee the survival
of a signiﬁcant number of the natural enemy and effective control
of the target pest, if both are exposed simultaneously in the ﬁeld.
Field studies conducted on caged cotton plants treated with the
recommended and 5 lambda-cyhalothrin ﬁeld rates showed that
the selected E. connexa population released on treated plants
exhibited survival greater than 80% after 24 h release; whereas boll
weevil adults and the susceptible E. connexa population (Ec-FM)
exhibited on average 20% and 0% survival, respectively (A.F. Spín-
dola, unpublished data).
The autosomally inherited and incompletely dominant resis-
tance to pyrethroid insecticides seems to be common and has been
reported for numerous of insect taxa including the lacewing pred-
ator, Chrysoperla carnea (Stephens) (Neur.: Chrysopidae) (Sayyed
et al., 2010). On the other hand, the characterization of resistance
in E. connexa as incompletely dominant does not represent, how-ever, an intrinsic property of an allele (Sved and Mayo 1970), con-
sidering that its expression can be variable and dependent on the
dose used (Bourguet et al., 2000) (Table 4). Furthermore, published
data have shown that resistance can vary from functionally domi-
nant to recessive depending on insecticide doses, corroborating our
ﬁndings (Liu and Tabashnik, 1997; Shad et al., 2010).
The direct test indicated monogenic mode of resistance inheri-
tance in E. connexa. On the other hand, the slopes of the dose-
mortality curves calculated for the backcrossed progeny was not
reduced signiﬁcantly compared to the slopes for the susceptible
and F1 hybrid progeny, suggesting absence of signiﬁcant increase
in the genetic variation in the backcross, thereby ﬁtting a polygenic
mode of inheritance, according to Tabashnik (1991). Thus, the al-
lele conferring resistance in E. connexa could be in high frequency
in the ﬁeld population of the F1 generation used to determine the
initial LD50 in the laboratory. Then, the selection under laboratory
conditions would favor secondary genes for resistance since
laboratory selection typically results in polygenic inheritance of
resistance (Oppenoorth, 1984), as we found for the selected popu-
lation of E. connexa. According to Roush and McKenzie (1987),
laboratory selection focuses on obtaining surviving individuals in
each generation. Therefore, laboratory selection allows the accu-
mulation of several genes with little individual effect, resulting in
a cumulative polygenic resistance. Monogenic inheritance of resis-
tance is likely to occur in populations with frequent previous expo-
sure to a speciﬁc group of insecticides or that exhibit cross
resistance, a fact that is common for resistance selection in the
ﬁeld (Roush and Plapp, 1982).
Recognizing and characterizing pesticide resistance in natural
enemies is still in its early steps, especially for lady beetles. Prior
to our results, resistance in lady beetles was reported in the
1970’s with C. maculata and more recently with S. gilvifrons. For
C. maculata, the resistance ratio to the insecticide parathion methyl
was 11.2-fold (Head et al., 1977), and 14.6-, 28.9-, and 12-fold to
DDT, methyl parathion, and monocrotophos, respectively (Graves
et al. 1978). Kumral et al. (2011) observed 10.9-fold resistance to
bifenthrin in S. gilvifrons. However, in those studies there was no
characterization of resistance as presented here for E. connexa.
Our data with E. connexa is the second study to characterize
incompletely dominant resistance in natural enemies to insecti-
cides. Recently, Sayyed et al. (2010) characterized the resistance
of C. carnea and found that this species also exhibited incompletely
dominant resistance to the pyrethroid deltamethrin. Incomplete
dominance would allow persistence of heterozygous genotypes
in the population, which may reduce population-level effects of
the adaptive cost for resistance and thereby contribute to the
maintenance of resistance in the population. It is notable that both
E. connexa and C. carnea are important biological control agents,
especially of aphids, across numerous crop ecosystems.
The population of E. connexa characterized here as resistant was
collected from a conventional cabbage ﬁeld, where they could have
been repeatedly exposed to insecticide sprays such as those made
with lambda-cyhalothrin against diamondback moth. Records of
insecticide application are used to understand the extent of selec-
tion for resistance in the ﬁeld (Keiding, 1986). Therefore, the re-
sults obtained in this study show that there are opportunities to
integrate the use of chemical and biological controls given that
pesticides with physiological selectivity trait are rarely available
(Torres, 2012). This way, lambda-cyhalothrin could be used in crop
ﬁelds for pests not suppressed by E. connexa, and the surviving lady
beetles would still be available to attack other pests such as aphids,
whiteﬂies, and mealybugs. Also, these results evidence the natural
selection for lambda-cyhalothrin resistance in E. connexa in the
ﬁeld, and demonstrate that the resistance could be increased
through mass rearing under laboratory conditions under selection
pressure, which can be desirable to further enhance the use of this
A.R.S. Rodrigues et al. / Biological Control 64 (2013) 217–224 223beneﬁcial species in crop ecosystems through physiological selec-
tivity toward pesticides.
The hypothesis that E. connexa population is resistant to lamb-
da-cyhalothrin was accepted, and the resistance is determined by
autosomal and dominant factor. Further, the characterization of
the resistance in E. connexa to lambda-cyhalothrin can lead to stud-
ies regarding mechanisms of detoxiﬁcation, adaptive costs, main-
tenance of the resistance over generations under the absence of
insecticide pressure, behavioral responses to treated areas, etc.,
helping us to better understand the phenomenon and ecology of
insecticides resistance in E. connexa. This information can also con-
tribute to enhanced integration of chemical and biological control
in integrated pest management programs, especially where nonse-
lective insecticides such as the lambda-cyhalothrin are required to
control pest species not effectively controlled by natural enemies.Acknowledgments
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